Physical size limitations in user equipment may force multiple antennas to be spaced closely, and this generates a considerable amount of mutual coupling between antenna elements whose effect cannot be neglected. Thus, the design and deployment of antenna selection schemes appropriate for next generation wireless standards such as 3GPP long term evolution (LTE) and LTE advanced needs to take these practical implementation issues into account. In this paper, we consider multiple-input multipleoutput (MIMO) systems where antenna elements are placed side by side in a limited-size linear array, and we examine the performance of some typical antenna selection approaches in such systems and under various scenarios of antenna spacing and mutual coupling. These antenna selection schemes range from the conventional hard selection method where only part of the antennas are active, to some newly proposed methods where all the antennas are used, which are categorized as soft selection. For the cases we consider, our results indicate that, given the presence of mutual coupling, soft selection can always achieve superior performance as compared to hard selection, and the interelement spacing is closely related to the effectiveness of antenna selection. Our work further reveals that, when the effect of mutual coupling is concerned, it is still possible to achieve better spectral efficiency by placing a few more than necessary antenna elements in user equipment and applying an appropriate antenna selection approach than plainly implementing the conventional MIMO system without antenna selection.
Introduction
The multiple-input multiple-output (MIMO) architecture has been demonstrated to be an effective means to boost the capacity of wireless communication systems [1] , and has evolved to become an inherent component of various wireless standards, including the next-generation cellular systems 3GPP long term evolution (LTE) and LTE advanced. For example, the use of a MIMO scheme was proposed in the LTE standard, with possibly up to four antennas at the mobile side, and four antennas at the cell site [2] . In MIMO systems, antenna arrays can be exploited in two different ways, which are [3] : diversity transmission and spatial multiplexing. However, in either case, one main problem involved in the implementation of MIMO systems is the increased complexity, and thus the cost. Even though the cost for additional antenna elements is minimal, the radio frequency (RF) elements required by each antenna, which perform the microwave/baseband frequency translation, analog-to-digital conversion, and so forth, are usually costly.
These complexity and cost concerns with MIMO have motivated the recent popularity of antenna selection (AS)-an attractive technique which can alleviate the hardware complexity, and at the same time capture most of the advantages of MIMO systems. In fact, for its low user equipment (UE) complexity, AS (transmit) is currently being considered as a baseline of the single-user transmit diversity techniques in the LTE uplink which is a MIMO single carrier frequency division multiple access (SC-FDMA) system [4] . Further, when it comes to the RF processing manner, AS can be categorized into two groups: (1) hard selection, where only part of the antennas are active and the selection is implemented in the RF domain by means of a set of switchs (e.g., [5] [6] [7] ); (2) soft selection, where all the antennas are active and a certain form of transformation is performed 2 EURASIP Journal on Wireless Communications and Networking in the RF domain upon the received signals across all the antennas (e.g., [8] [9] [10] ).
A considerable amount of research efforts have been dedicated to the investigation of AS, and have solidly demonstrated the theoretical benefits of AS (see [3] for a tutorial treatment). However, previous works largely ignore the hardware implementation issues related to AS. For instance, the physical size of UE such as mobile terminals and mobile personal assistants, are usually small and invariable, and the space allocated for an antenna array is limited. Such limitation makes the close spacing between antenna elements a necessity, inevitably leading to mutual coupling [11] , and correlated signals. These issues have caught the interest of some researchers, and the capacity of conventional MIMO systems (without AS) under the described limitations and circumstances was investigated, among others, in [12] [13] [14] [15] [16] [17] . To give an example, the study in [12] shows that as the number of receive antenna elements increases in a fixed-length array, the system capacity firstly increases to saturate shortly after the mutual coupling reaches a certain level of severeness; and drops after that.
Form factors of UE limit the performance promised by MIMO systems, and can further affect the proper functionality of AS schemes. These practical implementation issues merit our attention when designing and deploying AS schemes for the 3GPP LTE and LTE advanced technologies. There exist some interesting works, such as [18, 19] which consider AS in size sensitive wireless devices to improve the system performance. But in general, results, conclusions, and ideas on the critical implementation aspects of AS in MIMO systems still remain fragmented. In this paper, through electromagnetic modeling of the antenna array and theoretical analysis, we propose a comprehensive study of the performance of AS, to seek more effective implementation of AS in size sensitive UE employing MIMO where both mutual coupling and spatial correlation have a strong impact. In this process, besides the hybrid selection [5] [6] [7] , a conventional yet popular hard AS approach, we are particularly interested in examining the performance potential of some typical soft AS schemes, including the FFT-based selection [9] and the phase-shift-based selection [10] , that are very appealing but seem not to have attracted much attention so far. At the meantime, we also intend to identify the operational regimes of these representative AS schemes in the compact antenna array MIMO system. For the cases we consider, we find that in the presence of mutual coupling, soft AS can always achieve superior performance as compared to hard AS. Moreover, effectiveness of these AS schemes is closely related to the interelement spacing. For example, hard AS works well only when the interelement spacing is no less than a half wavelength.
Additionally, another goal of our study is to address a simple yet very practical question which deals with the cost-performance tradeoff in implementation: as far as mutual coupling is concerned, can we achieve better spectral efficiency by placing a few more than necessary antenna elements in size sensitive UE and applying a certain adequate AS approach than plainly implementing the conventional MIMO system without AS? Further, if the answer is yes, how would we decide the number of antenna elements for placement and the AS method for deployment? Our work will provide answers to the above questions, and it turns out the solution is closely related to identifying the saturation point of the spectral efficiency.
This paper is organized as follows. In Section 2, we introduce the network model for the compact MIMO system and characterize the input-output relationship by taking into account the influence of mutual coupling. In Section 3, we describe the hard and soft AS schemes that will be used in our study, and also estimate their computational complexity. In Section 4, we present the simulation results. We discuss our main findings in Section 5, and finally conclude this paper in Section 6.
Network Model for Compact MIMO
We consider a MIMO system with M transmit and N receive antennas (M, N > 1). We assume antenna elements are placed in a side-by-side configuration along a fixed length at each terminal (transmitter and receiver), as shown in Figure 1 . Other types of antenna configuration are also possible, for example, circular arrays [11] . But it is noted that, the side-by-side arrangement exhibits larger mutual coupling effects since the antennas are placed in the direction of maximum radiation [11, page 474] . Thus, the side-by-side configuration is more suitable to our study. We define L t and L r as the aperture lengths for transmitter and receiver sides, respectively. In particular, we are more interested in the case that L r is fixed and small, which corresponds to the space limitation of the UE. We denote l as the dipole length, r as the dipole radius, and d r (d t ) as the side-by-side distance between the adjacent dipoles at the receiver (transmitter) side. Thus, we have
A simplified network model (as compared to [13, 14] , e.g.) for transmitter and receiver sides is depicted in Figure 2 . Figure 3 illustrates a direct conversion receiver that connects the output signals in Figure 2 , where LNA denotes the lownoise amplifier, LO denotes the local oscillator, and ADC denotes the analog-to-digital converter. For the ease of the following analysis, we assume that in the circuit setup, all the antenna elements at the receiver side are grounded through the load impedance Z Li , i = 1, . . . , N (cf. Figure 2) , regardless of whether they will be selected or not. In fact, Z Li , i = 1, . . . , N constitute a simple matching circuit. Such matching circuit is necessary as it can enhance the efficiency of power transfer from the generator to the load [20, Chapter 11] . We also assume that the input impedance of each LNA in Figure 3 which is located very close to the antenna element to amplify weak received signals, is high enough such that it has little measurable effect on the receive array's output voltages. This assumption is necessary to facilitate the analysis of the network model. However, it is also very reasonable because this ensures that the input of the amplifier will neither overload the source of the signal nor reduce the strength of the signal by a substantial amount [21] .
Let us firstly consider the transmitter side, which can be regarded as a coupled M port network with M terminals. We
T as the vectors of terminal currents and voltages, respectively, and they are related through
where Z T denotes the impedance matrix at the transmitter side. The (p, q)-th entry of Z T (p, q), when p / = q, denotes the mutual impedance between two antenna elements, and is given by [20, Chapter 21 .2]:
where
In the above expression, η denotes the characteristic impedance of the propagation medium, and can be calculated by η = μ/ , where μ and denote permittivity and permeability of the medium, respectively. Likewise, k denotes the propagation wavenumber of an electromagnetic wave propagating in a dielectric conducting medium, and can be computed through k = ω √ μ , where ω is the angular frequency. Finally R 0 , R 1 and R 2 are defined as
When p = q, Z T (p, q) is the self-impedance of a single antenna element, and can also be obtained from (2) by simply redefining R 0 , R 1 and R 2 as follows:
Thus, the self-impedance for an antenna element with l = 0.5λ and r = 0.001λ for example, is approximately
Further, let us consider an example that M = 5 antenna elements of such type are equally spaced over a linear array of length L t = 2λ. The impedance matrix Z T is given by 
For i = 1, . . . , M, the terminal voltage v ti can be related to the source voltage x i via the source impedance Z si by Figure 2 , we can obtain the following results: v t = x − Z S i and v t = Z T i. Therefore, the relationship between terminal voltages v t and source voltages x can be written in matrix form as
, which roughly corresponds to a conjugate match in the presence of mild coupling. In the case of uncoupling in the transmitter side, Z T is diagonal, and its diagonal elements are all the same. Consequently,
−1 is also diagonal, and its diagonal element can be denoted as
To accommodate the special case of zero mutual coupling where v t is equal to x, in our model we modify the relationship between v t and x into
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Overall transmitter side impedance matrix
Overall receiver side impedance matrix
Compound MIMO channel Since we assumed high-input impedance of these LNAs, a similar network analysis can be carried out at the receiver side and will yield
Z R is the mutual impedance matrix at the receiver side, and Z L is a diagonal matrix with its (i, i)th entry given by
It is noted that the approximate conjugate match [12] is also assumed at the receiver side, so that the load impedance matrix Z L is diagonal with its entry given by Z *
In frequency-selective fading channels, the effectiveness of AS is considerably reduced [3] , which in turn makes it difficult to observe the effect of mutual coupling. Therefore, we focus our attention solely on flat fading MIMO channels. The radiated signal v t is related to the received signal v r through
where H is a N ×M complex Gaussian matrix with correlated entries. To account for the spatial correlation effect and the Rayleigh fading, we adopt the Kronecker model [22, 23] . This model uses an assumption that the correlation matrix, obtained as Ψ = E{vec(H) vec(H) H } with vec(H) being the operator stacking the matrix H into a vector columnwise, can be written as a Kronecker product, that is, Ψ = Ψ R ⊗ Ψ T , where Ψ R and Ψ T are respectively, the receive and transmit correlation matrices, and ⊗ denotes the Kronecker product. This implies that the joint transmit and receive angle power spectrum can be written as a product of two independent EURASIP Journal on Wireless Communications and Networking 5 angle power spectrum at the transmitter and receiver. Thus, the correlated channel matrix H can be expressed as
where H w is a N × M matrix whose entries are independent identically distributed (i.i.d) circular symmetric complex Gaussian random variables with zero mean and unit variance. The (i, j)-th entry of Ψ R or Ψ T is given by J 0 (2πd i j /λ) [24] , where J 0 is the zeroth order Bessel function of the first kind, and d i j denotes the distance between the i, j-th antenna elements. Therefore, based on (8)- (11), the output signal vector y at the receiver can be expressed in terms of the input signal x at the transmitter through
T W T can be regarded as a compound channel matrix which takes into account both the Rayleigh fading in wireless channels and the mutual coupling effect at both transmitter and receiver sides, and n is the thermal noise. For simplicity, we assume uncorrelated noise at the receiving antenna element ports. For the case where correlated noise is considered, readers are referred to [16, 17] .
Hard and Soft AS for Compact MIMO
We describe here some typical hard and soft AS schemes that we will investigate, assuming the compact antenna array MIMO system described in Section 2. For hard AS, we focus only on the hybrid selection method [5] [6] [7] . For soft AS, we study two typical schemes: the FFT-based selection [9] which embeds fast Fourier transform (FFT) operations in the RF chains, and the phase-shift-based selection [10] which uses variable phase shifters adapted to the channel coefficients in the RF chains. For simplicity, we only consider AS at the receiver side with n R antennas being chosen out of the N available ones, and we focus on a spatial multiplexing transmission.
We assume that the propagation channel is flat fading and quasistatic, and is known at the receiver. We also assume that the power is uniformly allocated across all the M transmit antennas, that is, E{xx H } = P 0 I M /M. We denote the noise power as σ 2 n , and the nominal signal-to-noise ratio (SNR) as ρ = P 0 /σ 2 n . Then assuming some codes that approach the Shannon limit quite closely are used, the spectral efficiency (in bits/s/Hz) of this (M, N) full-complexity (FC) compact MIMO system without AS could be calculated through [1] 
It is worth noting that the length limits of transmit and receive arrays, L t and L r , enter into the compound channel matrix H in a very complicated way. It is thus difficult to find a close-form analytical relationship between C FC (M, N) and L t (L r ). Consequently, using Monte Carlo simulations to evaluate the performance of spectral efficiency becomes a necessity.
To avoid detailed system configurations and to make the performance comparison as general and as consistent as possible, we only use the spectral efficiency as the performance of interest. Moreover, all these AS schemes we study here are merely to optimize the spectral efficiency, not other metrics. Since each channel realization renders a spectral efficiency value, the ergodic spectral efficiency and the cumulative distribution function (CDF) of the spectral efficiency will be both meaningful. We will then consider them as performance measures for our study.
Hybrid Selection.
This selection scheme belongs to the conventional hard selection, where n R out of N receive antennas are chosen by means of a set of switches in the RF domain (e.g., [5] [6] [7] ). Figure 4(a) illustrates the architecture of the hybrid selection at the receiver side. As all the antenna elements at the receiver side are presumed grounded through the load impedance Z Li , i = 1, . . . , N, the mutual coupling effect will be always present at the receiver side. However, this can facilitate the channel estimation and allow us to extract rows from H for subset selection. Otherwise, the mutual coupling effect will vary with respect to the selected antenna subsets. For convenience, we define S as the n R × N selection matrix, which extracts n R rows from H that are associated with the selected subset of antennas. We further define S as the collection of all possible selection matrices, whose cardinality is given by |S| = N nR . Thus, the system with hybrid selection delivers a spectral efficiency of
Optimal selection that leads to C HS requires an exhaustive search over all N nR subsets of S, which is evident by (14) .
Note that
Then, the matrix multiplication in (14) has a complexity of
. Thus, we can conclude that optimal selection requires about O(|S| · n R M · min(n R , M)) complex additions/multiplications. This estimated complexity for optimal selection can be deemed as an upper bound of the complexity of any hybrid AS scheme, since there exist some suboptimal but reduced complexity algorithms, such as the incremental selection and the decremental selection algorithms in [7] .
FFT-based Selection.
As for this soft selection scheme (e.g., [9] ), a N-point FFT transformation (phase-shift only) is performed in the RF domain firstly, as shown in Figure 4(b) , where information across all the receive antennas will be utilized. After that, a hybrid-selection-like scheme is applied to extract n R out of N information streams. We denote F as the N × N unitary FFT matrix with its (k, l) th entry given by:
Accordingly, this system delivers a spectral efficiency of
The only difference between (14) and (17) is the Npoint FFT transformation. Such FFT transformation requires a computational complexity of O (MN log N) . If we assume N log N ≤ n R · min(n R , M), then the computational complexity of optimal selection that achieves C FFTS can be estimated as O(|S| · n R M · min(n R , M)), which is the worstcase complexity.
Phase-Shift Based
Selection. This is another type of soft selection scheme (e.g., [10] ) that we consider throughout this study. Its architecture is illustrated in Figure 4 (c). Let us denote Θ as one n R × N matrix whose elements are nonzero and restricted to be pure phase-shifters, that we will fully define in what follows. There exists some other work such as [25] that also considers the use of tunable phase shifters to increase the total capacity of MIMO systems. However, in Figure 4 (c), the matrix Θ that performs phaseshift implementation in the RF domain essentially serves as a N-to-n R switch with n R output streams. Additionally, unlike the FFT matrix, Θ might not be unitary, and hence the resulting noise can be colored. Finally, this system's spectral efficiency can be calculated by [10] 
where angle{·} gives the phase angles, in radians, of a matrix with complex elements, exp{·} denotes the element-byelement exponential of a matrix. The overall cost for calculating the SVD of H is around O (MN ·min(M, N) ) [ 
Simulations
Our simulations focus on the case when AS is implemented only on the receiver side, but mutual coupling and spatial correlation are accounted for at both terminals. However, in order to examine the mutual coupling effect on AS at the receiving antenna array, we further assume M = 5 equally-spaced antennas at the transmitter array, and the interelement spacing d t is fixed at 10 λ. This large spacing is chosen to make the mutual coupling effect negligible at the transmitting terminal. For the receiver terminal, we fix the array length L r at 2 λ. We choose l = 0.5 λ and r = 0.001 λ for all the dipole elements. Each component in the impedance matrices Z T and Z R is computed through (2) which analytically expresses the self and mutual impedance of dipole elements in a side-by-side configuration. Finally, we fix the nominal SNR at ρ = 10 dB.
As algorithm efficiency is not a focus in this paper, for both hybrid and FFT-based selection methods, we use the exhaustive search approach to find the best antenna subset. For the phase-shift-based selection, we compute the phase shift matrix Θ through (19) given each H . For each scenario of interest, we generate 5 × 10 4 random channel realizations, and study the performance in terms of the ergodic spectral efficiency and the CDF of the spectral efficiency. Figure 5 we plot the ergodic spectral efficiency of a compact MIMO system for various N. The solid line in Figure 5 depicts the ergodic spectral efficiency when mutual coupling and spatial correlation is considered at both terminals. Also for the purpose of comparison, we include a dashed line which denotes the performance when only spatial correlation is considered at both sides, and a dash-dot line which corresponds to the case when only the simplest i.i.d Gaussian propagation channel is assumed in the system. It is clearly seen that mutual coupling in the compact MIMO system seriously decreases the system's spectral efficiency. Moreover, in accord with the observation in [12] , our results also indicate that as the number of receive antenna elements increases, the spectral efficiency will firstly increase, but after reaching the maximum value (approximately around N = 8 in Figure 5 ), further increase in N would result in a decrease of the achieved spectral efficiency. It is also worth noting that when N = 5, the interelement spacing at the receiver side, d r , is equal to λ/2, which probably is the most widely adopted interelement spacing in practice. Thus, results in Figure 5 basically indicate that, by adding a few more elements and squeezing the interelement spacing down from λ/2, it is possible to achieve some increase in the spectral efficiency, even in the presence of mutual coupling. But it is also observed that such increase is limited and relatively slow as compared to the spatial-correlated only case, and the spectral efficiency will saturate very shortly.
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Ergodic Spectral Efficiency of Compact MIMO with AS.
To study the performance of the ergodic spectral efficiency with regard to the number of selected antennas n R for a compact MIMO system using AS, we consider three typical scenarios, namely, N = 5 in Figure 6 , N = 8 in Figure 7 , and N = 12 in Figure 8 . In each figure, we plot the performance of the hybrid selection, FFT-based selection, and phaseshift-based selection. Additionally, we also depict in each figure the ergodic spectral efficiency of the reduced fullcomplexity (RFC) MIMO, denoted as C RFC (M, n R ), where only n R receive antennas are distributed in the linear array and no AS is deployed. In Figure 6 , it is observed that 
, which in particular indicates the following:
(1) Soft AS always performs no worse than hard AS. The phase-shift-based selection performs strictly better than the FFT-based selection.
(2) With the same number of RF chains, the system with AS performs strictly better than the RFC system.
Interestingly, these conclusions that hold for this compact antenna array case are also generally true for MIMO systems without considering the mutual coupling effect (e.g., [10] ). But a cross-reference to the results in Figure 5 can help understand this phenomenon. In Figure 5 , it is shown that when N increases from 1 to 5, the ergodic spectral efficiency of the compact MIMO system behaves nearly the same as that of MIMO systems without considering the mutual coupling effect. Therefore, it appears natural that when AS is applied to the compact MIMO system with N ≤ 5, similar conclusions can be obtained. It is also interesting that the FFT-based selection performs almost exactly the same as the hybrid selection.
Next we increase the number of placed antenna elements to N = 8, at which the compact MIMO system achieves the highest spectral efficiency (cf. Figure 5) . We observe some different results in Figure 7 , which are C FC (M = 5, N = 8) > C PSS > C FFTS > C HS . These results tell the following.
(1) Soft AS always outperforms hard AS. The phase-shiftbased selection delivers the best performance among all these three AS schemes.
(2) The phase-shift-based selection performs better than the RFC system when n R ≤ 5. The FFT-based (1) Soft AS performs strictly better than hard AS.
(2) The phase-shift-based selection performs better than the FFT-based selection when n R < 8. After that, there is not much performance difference between them.
Also, similar to what we have observed in Figures 6 and 7 , in terms of the ergodic spectral efficiency, none of the systems with AS outperforms the FC system with N receive antennas (and thus N RF chains). However, as for the RFC system with only n R antennas (and thus n R RF chains), in Figure 8 we observe the following.
(1) The RFC system always performs better than the hybrid selection. The hybrid selection seems futile in this case.
(2) The phase-shift-based selection performs better than the RFC system when n R < 5. The benefit of the FFTbased selection is very limited, and it seems not worth implementing.
This indicates that due to the strong impact of mutual coupling in this compact MIMO system, only the phase-shiftbased selection is still effective, but only for a limited range of numbers of the available RF chains. More specifically, when n R < 5 it is best to use the phase-shift-based selection, otherwise the RFC system with n R antennas when 5 ≤ n R < 8. Further increase in the number of RF chains, however, will not lead to a corresponding increase in the spectral efficiency, as demonstrated in Figure 5 . For the purpose of comparison, we also plot the ergodic spectral efficiency of the phase-shift-based selection scheme in Figure 9 , by extracting the corresponding curves from Figures 6-8. We find that by placing a few more antenna elements in the limited space so that the interelement spacing is less than λ/2, for example, N = 8 in Figure 9 , the phaseshift-based selection approach can help boost the system spectral efficiency through selecting the best elements. In fact, the achieved performance is better than that of the conventional MIMO system without AS. This basically answers the question we posed in Section 1 that is related to the cost-performance tradeoff in implementation. However, further squeezing the interelement spacing will decrease the performance and bring no performance gain, as can be seen from the case of N = 12 in Figure 9 . Figure 10 , we investigate the CDF of the spectral efficiency for compact MIMO systems with N = 8 . We consider the case of n R = 4 in (Figure 10(a) ) and n R = 6 in (Figure 10(b) ). We use dotted lines to denote the compact MIMO systems with AS, and dark solid lines for the FC compact MIMO systems (without AS). We also depict the spectral efficiency CDF-curves of the RFC systems of N = 4 and N = 6 in Figures 10(a) and 10(b) , respectively in gray solid lines. As can be seen in Figure 10 (a), soft AS schemes, that is, the phase-shift-based and FFT-based AS methods, perform pretty well as expected, but the hybrid selection performs even worse than the RFC system with N = n R = 4 without AS. When we increase n R to 6, as shown in Figure 10 (b), the performance difference between hard and soft AS schemes, or between the phase-shift-based and the FFT-based selection methods, is quite small. But none of these systems with various AS schemes outperform the RFC system of N = n R = 6 without AS, which is consistent with what we have observed in Figure 7 . These results clearly indicate that when the mutual coupling effect becomes severe, the advantage of using AS can be greatly reduced, which however, is usually very pronounced in MIMO systems where only spatial correlation is considered at both terminals, as shown for example in Figure 11 . On the other hand, it is also found that the spectral efficiency of a RFC system without AS, which is usually the lower bound spectral efficiency to that of MIMO systems with AS (as illustrated by an example of Figure 11 ), can become even superior to the counterpart when mutual coupling is taken into account (as shown in Figure 10 for instance). However, it should be noted that this phenomenon is closely related to the network model that we adopt in Section 2. In such model, we have assumed that all the antenna elements are grounded through the impedance Z Li , i = 1, . . . , N, regardless of whether they will be selected or not. Thus, for MIMO systems with N receive elements and with a certain AS scheme, the mutual coupling impact at the receiver side comes from all these N elements, and is stronger than that of a RFC system with only n R receive elements. 
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Discussions
In our study, we also test different scenarios by varying the length of linear array L r , for example, we choose L r = 3λ, 4λ, and so forth. For brevity, we leave out these simulation results here, but summarize our main findings as follows. Suppose the ergodic spectral efficiency of a compact antenna array MIMO system saturates at N sat . Our simulation results (e.g., Figure 5 ) indicate that
where · rounds the number inside to the nearest integer less than or equal to it. We also have n R < N for the sake of deploying AS. Our simulations reveal that the interelement spacing is closely related to the functionality of AS schemes. For the cases we study, the conclusion is the following:
(1) When d r ≥ λ/2, both soft and hard selection methods are effective, but the selection gains vary with respect to n R . Particularly, the phase-shift-based selection delivers the best performance among these tested schemes. Performance of the FFT-based selection and the hybrid selection appears undistinguishable.
(2) When d r < λ/2, there exist two situations:
(a) When n R ≤ 2L r /λ + 1 , the selection gain of the phase-shift-based selection still appears pronounced, but tends to become smaller when n R approaches 2L r /λ + 1 . The advantage of using the FFT-based selection is quite limited. The hybrid selection seems rather futile. (b) When 2L r /λ + 1 < n R < N sat , neither soft nor hard selection seems effective. This suggests that AS might be unnecessary. Instead, we can simply use a RFC system with n R RF chains by equally distributing the elements over the limited space.
It is noted that in all these cases we examine, soft AS always has a superior performance over hard selection. This is because soft selection tends to use all the information available, while hard selection loses some additional information by selecting only a subset of the antenna elements. Our simulation results also suggest that, if hard selection is to be used, it is necessary to maintain d r ≥ λ/2. Otherwise, the strong mutual coupling effect could render this approach useless. Further, if the best selection gain for system spectral efficiency is desired, one can place N sat or so elements along the limited-length linear array, use 2L r /λ + 1 or less RF chains, and apply the phase-shift-based selection method. Therefore, it becomes crucial to identify the saturation point N sat . This in turn requires the electromagnetic modeling of the antenna array that can take into account the mutual coupling effect.
Conclusion
In this paper, we proposed a study of some typical hard and soft AS methods for MIMO systems with closely spaced antennas. We assumed antenna elements are placed linearly in a side-by-side fashion, and we examined the mutual coupling effect through electromagnetic modeling of the antenna array and theoretical analysis. Our results indicate that, when the interelement spacing is larger or equal to one half wavelength, selection gains of these tested soft and hard AS schemes will be very pronounced. However, when the number of antennas to be placed becomes larger and the interelement spacing becomes smaller than a half wavelength, only the phase-shift-based selection remains effective and this is only true for a limited number of available RF chains. The same conclusions however, are not observed for the case of hard selection. Thus it seems necessary to maintain the interelement spacing no less than one half wavelength when the hard selection method is desired. On the other hand, if the best selection gain for system spectral efficiency is desired, one can employ a certain number of elements for which the compact MIMO system attains its maximum ergodic spectral efficiency, use 2L r /λ + 1 or less RF chains, and deploy the phase-shift-based selection method. This essentially indicates, if the cost-performance tradeoff in implementation is concerned, by placing a few more than necessary antenna elements so that the system spectral efficiency reaches saturation and deploying the phase-shift-based selection approach, we can achieve better performance in terms of system spectral efficiency than the conventional MIMO system without AS. Overall, our study provides novel insight into the deployment of AS in future generation wireless systems, including the 3GPP LTE and LTE advanced technologies.
